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Abstract: This paper proposes a novel power-efficient light-emitting diode (LED) placement
algorithm for indoor visible light communication (VLC). In the considered model, the LEDs
can be designedly placed for high power efficiency while satisfying the indoor communication
and illumination requirements. This design problem is formulated as a power minimization
problem under both communication and illumination level constraints. Due to the interactions
among LEDs and the illumination uniformity constraint, the formulated problem is complex and
non-convex. To solve the problem, we first transform the complex uniformity constraint into a
series of linear constraints. Then an iterative algorithm is proposed to decouple the interactions
among LEDs and transforms the original problem into a series of convex sub-problems. Then,
we use Lagrange dual method to solve the sub-problem and obtain a convergent solution of
the original problem. Simulation results show that the proposed LED placement algorithm
can harvest 22.86% power consumption gain when compared with the baseline scheme with
centrally placed LEDs.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Artificial illumination consumes approximately 20% of the world’s electricity [1]. Under this
background, light emitting diode (LED) has gained increasing market rate due to its high power
efficiency and low cost. Moreover, a promising short range wireless access technology based on
LEDs, termed as visible light communication (VLC), has also gained increasing attentions [2].
Compared with conventional radio-frequency based access technologies, VLC has high power
efficiency due to the use of visible light. In addition, It also has the advantage of abundant
bandwidth resource, inherent high security, flexibility and rapid deployment time [3].
Besides these promising advantages, VLC also has some key design issues that should be
carefully tackled, and the indoor LED arrangement problem is one of them. In particular,
VLC involves both communication and illumination. That means besides the communication
requirement of users, the illumination requirement of users should also be considered for a
VLC system. Besides, since indoor illumination typically requires a number of closely located
LEDs for sufficient illuminance level, the illumination and communication interactions of LEDs
need to be considered in indoor LED arrangement. Hereafter, we use the interaction of LEDs
to indicate the fact that the signal from each LED can be constructively added at the receiver
from the perspective of illumination while that can also be the interference of each other from
the perspective of communication. In addition, the illuminance at the receiver plane should be
uniform, which is preferred for indoor illumination engineering [4]. All these factors need to be
considered in indoor LED arrangement designs, which make the problem a challenging design
issue.
A plethora of studies on indoor LED arrangement have been proposed, which can be classified
into two types [5]. One type of approach is by appropriately allocating power to LEDs [4–7].
In [5], the uniform illuminance problem was formulated as a convex problem, which was
then solved by quadratic programming to optimize the power of each LED. In [6], a heuristic
power allocation scheme was proposed for a random LED array to obtain uniform irradiance
on the projection surface. In both [5] and [6], a quality factor that measures the illuminance
performance was used to quantify the illumination performance. However, the communication
performance of the system was not considered in [5] and [6]. Note that satisfactory illumination
does not necessarily mean that the communication requirement of users are satisfied [8].
The other type of approach is by optimizing the placement of LEDs [8–11]. In [8], a
genetic LED placement algorithm was used to maximize the coverage of illumination and
communication of an indoor VLC system. In [9], the optimal LED placement for the maximum
average area spectral efficiency was investigated. Due the complexity of the problem, computer
simulations are used to obtain the optimal solutions [9]. The work in [10] only considered the
illumination constraint, the power efficient LED placement problem was formulated as a linear
program problem and was thus solved efficiently. While interesting, in [4–11], the interactions
between LEDs are not considered, which can significantly affect the signal-to-noise ratio (SNR)
at the receiver, thus further altering the optimal indoor LED placement.
The main contribution of this paper is a power efficient LED placement algorithm that takes
both the illumination and communication interactions of different LEDs into consideration. First,
the system model of communication and illumination of indoor VLC is studied, based on which
a power efficient LED placement optimization framework is formulated under the constrains
of communication, illumination level and the indoor illumination uniformity constraint. Due
to the complexity of the illumination uniformity constraint, we first transform it into a series
of linear constrains. But, still, the problem after the transformation is non-convex due to the
close interdependence of each optimization variables. To decouple the interdependence of
the optimization variables, we then propose an iterative algorithm that transforms the original
problem into a series of convex, independent sub-problems. The Lagrange dual method is used
to solve the sub-problems and the solutions of each sub-problem will be iteratively plugged
into the next sub-problem until a convergent solution is obtained. Simulation results show that
the proposed LED placement algorithm can harvest 22.86% power consumption gain when
compared with the baseline with LEDs at the center of each sub-area.
The remainder of this paper is organized as follows. The system model is depicted in Section
2, where the problem is formulated. In Section 3, the proposed power efficient LED placement
algorithm is detailed, and in Section 4 numerical results are presented and analyzed. Finally,
Section 5 draws some important conclusions.
2. System Model
We consider an indoor VLC system with an equally spaced, LED array set K of K LEDs. Fig.
1 shows the top view of LEDs’ distribution in a xl × yl room. The LEDs provide downlink
transmission and illumination for the receivers, simultaneously. A set U of U receivers is
assumed to be uniformly distributed at the receiver plane so that the whole indoor illumination
and communication performance can be tested by the performance of U receivers.
In the considered model, the multipath propagation resulted from reflections and refractions
is neglected, and only line of sight (LOS) channel model is considered [12]. Given an LED
i ∈ K and a receiver j ∈ U, the channel gain between LED i and receiver j can be represented
as [13]:
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Fig. 1. The top view of the ceiling. Without loss of generality, each LED is marked by
an index.
where A is the detector area and dij is the distance between LED i and receiver j. In addition,
m = − ln 2/ln (cosΦ1/2) is the Lambert order with Φ1/2 being the transmitter semi-angle. ψij
is the angle of incidence, φij is the angle of irradiance, Ψc is the receiver field of vision (FOV)
semi-angle, and g
(
ψij
)
is the gain of optical concentrator, which can be defined as:
g
(
ψij
)
=

nr
2
sin2Ψc
, 0 ≤ ψij ≤ Ψc,
0, ψij > Ψc,
(2)
where nr represents the refractive index. The height difference between the ceiling and the
horizontal plane is fixed to H. Then the distance between LED i and receivers j is dij =√(
xi − xj
)2
+
(
yi − yj
)2
+ H2, where
(
xj, yj
)
, j = 1, 2, ...U denote the 2-dimension position of
the receivers at the receiver plane and (xi, yi) , i = 1, 2, ...K denote the 2-dimension position of
the LEDs at the transmitter plane.
For receiver j located at
(
xj, yj
)
, the channel capacity cij of the VLC link between LED i and
receiver j can be given by [14]:
cij =
1
2
log2
(
1 +
e
2pi
(
ξPihij
)2
σω2 +
∑K
n=1,n,i (ξPnhnj )2
)
, (3)
where ξ is the illumination target, Pi is the optical power of LED i, σω is the standard deviation
of the additive white Gaussian noise and
∑K
n=1,n,i (ξPnhnj )2 is sum interferences from other
LEDs. The ambient light noise is modeled as Gaussian noise [15].
The illumination is another constraint that should be considered. In particular, both the
illumination level and the indoor illumination uniformity should be considered. In this work,
we use illuminance to indicate the illumination level, and the illuminance at the receiver j from
LED i is proportional to ηij = ξPihij [16].
As for the indoor illumination uniformity level, we use coefficient of variation of root mean
square error CV(RMSE) to evaluate [17], which is defined as:
CV(RMSE) = RMSE
ηavg
, (4)
where ηavg is the average illumination, and it is given by:
ηavg =
1
U
K∑
i=1
U∑
j=1
ξPihij . (5)
The illumination root mean square error at the receiver plane can be represented as:
RMSE =
√√
1
U
K∑
i=1
U∑
j=1
(
ξPihij − ηavg
)2
. (6)
2.1. Problem formulation
The target of this work is to find the optimal LED placement that minimizes the LED power
consumption under the data rate, illumination level and illumination uniformity constraints. In
the considered model, we assume that each receiver will be serviced by the LED that provides
the strongest signal strength, and the signals from other LEDs will be deemed as interference.
At the receiver plane, we assume that each user has a data rate constraint cth and a illumination
level constraint ηth. To satisfy the data rate constraint of receiver j, the required power of LED
i can be derived from (3) as:
Pij =
√
σω2 +
∑K
n=1,n,i (ξPnhnj )2
√
2pi
e
(
22cth − 1)
ξhij
. (7)
For each LED, once the receiver with the maximum power requirement is satisfied, other
receivers’ constraints can be satisfied. Therefore, the minimum transmit power of LED i is
given by Pi,min = max{Pij }, ∀ j ∈ Ui , whereUi represents the set of receivers associated with
LED i. The received illuminance of receiver j is given by ηj =
∑K
i=1 ξPihij . To satisfy the
illumination level constraint, the illuminance that the receiver j receives should not be less than
ηth, i.e.,
∑K
i=1 ξPihij ≥ ηth. Thus, the illuminance that the receiver j actually receives from its
associated LED i should satisfy:
ξPihij ≥ Iij, (8)
where Iij = ηth −
∑K
n=1,n,i ξPnhnj , and
∑K
n=1,n,i ξPnhnj represents the sum illuminance that
receiver j obtains from other LEDs.
Let the illumination uniformity constraint be Uth. Then, the optimization problem is formu-
lated as:
min
xi,yi
K∑
i=1
Pi (9)
s.t. ξPihij ≥ Iij, ∀i ∈ K, ∀ j ∈ Ui, (9a)
Pi ≥ Pi,min,∀i ∈ K, (9b)
CV(RMSE) ≤ Uth, (9c)
xi = xn,∀i, n ∈ K, ⌊i/N⌋ = ⌊n/N⌋ , (9d)
yi = yn,∀i, n ∈ K,mod(i, N) = mod(n, N), (9e)
where ⌊·⌋ is the floor function and mod (a, b) denotes the remainder of dividing a by b. The
goal of problem (9) is to find the optimal placement of LEDs that minimizes power consumption,
where (9a) and (9b) denote the illumination level and communication constraints, respectively.
(9c) denotes the illumination uniformity constraint. In addition, (9d) and (9e) indicate that the
LEDs are arranged in a rectangular array.
3. Proposed LED Placement Algorithm
The problem (9) is non-convexdue to the constraint (9a), (9b), and (9c). Hence its direct solution
is computationally intractable. In this section, we first transform the illumination uniformity
constraint (9c) into a series of linear constraints. Then, we further propose an iterative algorithm
to transform the problems into a series of convex subproblems. Finally, the Lagrange dual
method is used to obtain the optimal solution.
3.1. CV(RMSE) Constraint Transformation
In this subsection, we transform the constraint (9c) into linear constraints to make (9) mathemat-
ical tractable.
As shown in Fig. 1, there are M ×N LEDs installed. Let the distance between adjacent LEDs
along x and y coordinates be Lx and Ly , respectively. In addition, let the distance from the
left/right/up/down wall to its nearest LED be Llx/Lrx /Luy/ Ldy. In this work, we assume that
LEDs are placed symmetrically, i.e., Llx=Lrx and Luy=Ldy. Note that, to the best of authors’
knowledge, most of the existing studies investigated scenarios where LEDs are symmetrically
placed [4, 8, 9, 18–20]. Therefore, this assumption will not impair applying this work to the
typical VLC scenarios. Based on the symmetric assumption, we have:
Llx = Lrx =
xl − (M − 1)Lx
2
, (10)
and
Luy = Ldy =
yl − (N − 1)Ly
2
. (11)
From (10) and (11), the position of each LED i can be expressed as:
xi =
⌊
i − 1
N
⌋
Lx + Llx, (12)
and
yi = mod(i − 1, N)Ly + Ldy, (13)
The the expression for CV(RMSE) can be derived from (4) with respect to Lx and Ly as:
CV (RMSE)=√√
U∑
j=1
(
K∑
i=1
Pi
[
U
((
AiLx+Bj
)
2
+
(
CiLy+Dj
)
2
+ h2
)− (m+3)2 −U∑
n=1
(
(AiLx+Bn)2+
(
CiLy+Dn
)2
+h2
)
− (m+3)2
])2
√
U
K∑
i=1
U∑
j=1
Pi
(
(Ai Lx+B j )2+(CiLy+D j )2+h2
)− (m+3)2 ,
(14)
where Ai =
⌊
i−1
N
⌋ − (M − 1) /2, Bj = xl/2 − xj , Ci = mod(i − 1, N) − (N − 1) /2, and Dj =
yl/2 − yj . Therefore, for fixed LED power Pi, (14) becomes a function of Lx and Ly . When
one of Lx or Ly fixed, the value of the other one that satisfies (9c) can be obtained by bisection
method. Note that with the feasible ranges of Lx or Ly , the feasible ranges of xi or yi can
be obtained directly according to (12) and (13), and thus the complex illumination uniformity
constraint can be transformed into a series of linear constraints. From the above analysis, we can
conclude that once the LED power and the x or y coordinate are given, the illumination uniform
constraint (9c) can be transformed into linear constraints. The strategy of obtaining LED power
and iteratively fixing x and y coordinates of LEDs will be specified in Section 3.2.
3.2. Location optimization
In section 3.1, we analyzed the illumination uniformity constraint (9c). However, solving
problem (9) should also consider the non-convex constraints of (9a) and (9b). In addition, the
optimization process of each LED is also interdependent. To solve these challenges, an iterative
algorithm is proposed. In the proposed iterative algorithm, (9) is decoupled into a series of
interdependent subproblems. Each subproblem corresponds to the optimization of a current
LED’s x-coordinate or y-coordinate, and all the former solutions (i.e., the locations and the
power of LEDs that have been optimized) of the sub-problems will be plugged into the current
sub-problem. Then, the optimization problem of xi and yi of the current LED i can be expressed
as:
min
xi
Pi (15)
s.t. Pi ≥ IijVdm+3ij , ∀i ∈ K, ∀ j ∈ Ui (15a)
Pi ≥ CjWdm+3ij , ∀i ∈ K, ∀ j ∈ Ui, (15b)
xi ∈ Rxi , ∀i ∈ K, (15c)
xi = xn,∀i, n ∈ K, ⌊i/N⌋ = ⌊n/N⌋ , (15d)
and
min
yi
Pi (16)
s.t. Pi ≥ IijVdm+3ij , ∀i ∈ K, ∀ j ∈ Ui (16a)
Pi ≥ CjWdm+3ij , ∀i ∈ K, ∀ j ∈ Ui, (16b)
yi ∈ Ryi, ∀i ∈ K, (16c)
yi = yn,∀i, n ∈ K,mod(i, N) = mod(n, N), (16d)
respectively, where V = 2pi
ξ(m+1)Ag(ψi j )Hm+1 , W =
(2pi)3/2e−1/2
√
σω 2+
∑K
n=1,n,i (ξPnhn j )2
ξ(m+1)Ag(ψi j )Hm+1 and Cj =√
22cth, j − 1. V and W are obtained by substituting (1) into (9a) and (9b), respectively. Rxi and
Ryi 1 represent the linear ranges of xi and yi for illumination uniformity, respectively. Both of
them may contain several subsets. We will first obtain all LEDs’ xi by solving (15) with given
yi , and yi can be updated from (16) with obtained xi . Then, xi can be updated again utilizing the
obtained yi . The iterations end until the sum power is not able to be further reduced, and after
each iteration, the updated x or y coordinate and the power can be plugged into (14) to obtain
the range of Lx or Ly .
As we can observe, (15) and (16) have the same form. Therefore, we first solve (15), and (16)
can be solved in a similar way. According to (15d), we only need to optimize the x-coordinate
of the first LED. Then, the distance Lx can be obtained by Lx = (xl − 2x1) /(M − 1) and the rest
LEDs’ x-coordinates can be obtained according to (12). Therefore, solving (15) is equivalent to
solving:
min
xi
Pi (17)
s.t. Pi
2
m+3 ≥ Mijd2ij, i = 1,∀ j ∈ Ui, (17a)
xi ∈ Rxi , i = 1, (17b)
for the first LED and solving:
min Pi (18)
s.t. Pi
2
m+3 ≥ Mijd2ij,∀i ∈ K, i , 1,∀ j ∈ Ui, (18a)
for the rest LEDs, where:
Mij =
(
max
{
IijV,CjW
}) 2
m+3 . (19)
1 In the first iteration, the ranges of each xi and yi are set to xi ∈
[ ⌊
i−1
N
⌋ · xl
M
,
⌊
i
N
⌋ · xl
M
]
and yi ∈[
mod (i − 1, N) · yl
N
, mod (i, N) · yl
N
]
, respectively. After the first iteration, the range Rxi and Ryi can be obtained
according to Algorithm 2.
From (17) and (18), we can see that the value of the power is exactly determined by Mij which
is related to V , W , and the data rate and illumination level constraints of the receivers. In each
sub-problem (17) and (18), Mij can be regraded as a constant since the former solutions that
optimize the locations of the former LEDs have been updated.
It is easy to prove that both of objective function and constraint in (17) are convex. Therefore,
Lagrangian dual method can be used to solve the problem. We use λ = [λ1, λ2, ..., λU ]T , λj >
0, j = 1, ...U to denote the dual variable associated with each constraint j in (17a). We represent
the dual problem (17) as:
max
λ≥0
g(λ), (20)
where
g(λ) = min
xi
L(xi, Pi,λ), (21)
s.t. xi ∈ Rxi , i = 1. (21a)
The Lagrange function in (21) can be expressed as:
L= Pi +
∑
j∈Ui
λj (Mij ((xi − xj )2 + (yi − yj )2 + H2) − Pi
2
m+3 ). (22)
Based on Karush Kuhn-Tucker (KKT) conditions, by taking the first derivative of (22) with
respect to Pi and xi , we will have:
∂L
∂Pi
= 1 − 2
m + 3
∑
j∈Ui
λjPi
−m+1
m+3 = 0, (23)
∂L
∂xi
= 2
∑
j∈Ui
λjMij (xi − xj ) = 0, (24)
By solving (23) and (24), we have:
Pi =
(
2
m + 3
∑
j∈Ui
λj
) m+3
m+1
, (25)
xi =
∑
j∈Ui λjMij xj∑
j∈Ui λjMij
. (26)
The Lagrange function in (21) is a quadratic function with respect to xi . Therefore, the optimal
xi that minimizes L can be obtained as:
x∗i =

arg min
xi ∈A
L(xi, yi, Pi, λ), if xˆi < Rxi
xˆi, if xˆi ∈ Rxi
(27)
where xˆi =
∑
j∈Ui λ jMi j x j∑
j∈Ui λ jMi j
and A consists of all endpoints of Rxi . For instance, if Rxi consists
of set [1, 3] and set [5, 8], we haveA = {1, 3, 5, 8}, and we set the optimal xi only be equal to 1,
3, 5, or 8 if xˆi < Rxi .
Given Pi and xi , we use a subgradient method [21] to update the value of λj . The updating
procedure of λj is given by:
λ
(l+1)
j
= λ
(l)
j
+ γ(Mij ((xi − xj )2 + (yi − yj )2 + H2) − Pi
2
m+3 ), (28)
where γ is a dynamic step-size of iteration l (l ∈ 1, 2, ..., Li) and Li is the maximum number
of iterations for optimizing the LED i. When optimizing the LED other than the first one,
the position of the LED can be easily obtained with (12), and the optimal power of the LED
can be obtained by using (25) and (28) only. The iterative algorithm for LEDs’ x-coordinate
optimization (LXO) is summarized in Algorithm 1.
The subproblem (16) is similar to (15). Hence, we use the same algorithm to optimize the
y-coordinates of LEDs, which is omitted for simplification here. We define the algorithm of
solving (16) as LEDs’ y-coordinate Optimization (LYO) Algorithm. The obtained xi and yi in
Algorithm 1 LEDs’ x-coordinate Optimization (LXO) Algorithm
Initialize: Lagrange multipliers λj and all LEDs’ y-coordinates yi, ∀i ∈ K.
1: repeat
2: for i = 1 to K do
3: Update Mij according to (19).
4: Update power Pi based on (25).
5: Update xi according to (26)-(27) if i = 1, and xi =
⌊
i
N
⌋
Lx +
xl−(M−1)Lx
2 if i , 1.
6: Update Lagrange multipliers λj, j ∈ Ui, i ∈ K according to (28).
7: end for
8: until
∑
i∈K Pi converges.
Output: Power Pi and location of each LED.
(15) and (16) can be further iteratively optimized, until the power and the locations of all LEDs
converge.
The complete LED placement optimization algorithm (LXYU) that iteratively conducts LXO
and LYO with the illumination uniformity constraint is summarized in Algorithm 2. We first
use LXO and LYO to obtain x-coordinate and y-coordinate of LEDs, respectively. Then, we
use bisection method to calculate the boundaries of each LED’s coordinate from the function
CV(RMSE). By iterating LXO and LYO with CV(RMSE) function respectively, we can obtain
the solution of xi or yi . The power and the locations of all LEDs will finally converge to the
optimal solutions.
Algorithm 2 Complete Algorithm for LED Placement Optimization (LXYU)
Input: Locations, data rate constraint cth and illumination level constraint ηth of receivers in
U. The height H and y-coordinate of LEDs.
1: Initialize: Cell-association. Ranges of each LED’ coordinate.
2: repeat
3: repeat
4: Update Pi,∀i ∈ K and xi, i = 1 calculated by LXO Algorithm.
5: Calculate ranges of Lx with Uth and Pi, i ∈ K according to (4) and (9c).
6: Calculate the ranges Rxi of LEDs’ x-coordinates with the range of Lx .
7: until CV(RMSE) ≤ Uth.
8: repeat
9: Update Pi,∀i ∈ K and yi, i = 1 calculated by LYO Algorithm.
10: Calculate ranges of Ly with Uth and Pi, i ∈ K according to (4) and (9c).
11: Calculate the ranges Ryi of LEDs’ y-coordinates with the range of Ly .
12: until CV(RMSE) ≤ Uth.
13: until
∑
i∈K Pi converges.
Output: P=
∑
i∈K Pi .
3.3. Complexity Analysis
We assume that the maximum number of the iterations for sub-problems (15) and (16) is
S1. Moreover, S2 is the maximum number of the iterations for LXO and CV(RMSE) func-
tion, while S3 is the maximum number of the iterations for LYO and CV(RMSE) function.
The complexity of LXO algorithm is O(max {L1, L2, ..., LK }
∑K
i=1 |Ui |) and that of LYO algo-
rithm is O(max {L′1, L′2, ..., L′K} ∑Ki=1 |Ui |), where Li and L′i denote the maximum number of
iterations for updating the power of LED i in LXO and LYO algorithms, respectively. |Ui |
is the number of receivers associated with LED i. In addition, when solving Lx and Ly in
CV(RMSE) function, the complexity is O(log2 xl(M−1)ε ) and O(log2
yl
(N−1)ε ) [22], respectively,
where ε represent the tolerance in bisection method. Thus, the complexity of Algorithm 2 can
be calculated as O(S1max {Q1,Q2}
∑K
i=1 |Ui |), whereQ1 = S2max
{
L1, L2, ..., LK, log2
xl
(M−1)ε
}
and Q2 = S3max
{
L′1, L
′
2, ..., L
′
K
, log2
yl
(N−1)ε
}
. On the other hand, the complexity of exhaustive
search is O(TK ), where T is the total number of LEDs’ possible positions on the ceil. If an
accurate LED placement is conducted, the value of T can be extremely large. For instance, for a
7.5 m × 5 m × 3 m room with 4 LEDs, T = 3750 when using 0.1 m search step, and the search
complexity is O(1.9775 ∗ 1014). Thus, the complexity of exhaustive search is prohibitive in this
case.
4. Numerical Results
We consider a rectangular 7.5 m × 5 m × 3 m room, which is further equally divided into K
sub-areas. In each sub-area, an LED is deployed to provide communication and illumination
service. We set 160 receivers at the receiver plane, which are uniformly distributed. The system
parameters are listed in Table 1.
Table 1. System parameters
Parameters Values
Semi-angle at half power Φ1/2 60◦
Receiver FOVs’ semi-angle Ψc 60◦
Detect area of photodiodes A 1 cm2
Refractive index nr 1.5
Dynamic step-size γ j 0.01
SNR 20 dB
For comparison, we consider two baseline schemes in which the illumination uniformity is
not considered. First, LED-centered algorithm (LCA) is implemented, in which each LED is at
the center of each sub-area. We also simulate the placement that is optimized by LXO and LYO
Algorithm only (LXYO).
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Fig. 2. Received illumination distribution of LCA and LXYU with 6 LEDs.
In Fig. 2, we compare the received illumination distribution of LCA and LXYU with 6 LEDs.
We set the uniformity tolerance, data rate constraint, and the illumination level constraint as
0.1, 0.8, and 0.4, respectively. From Fig. 2, we can see that LXYU can achieve more uniform
illumination distribution, and the CV(RMSE) is reduced from 0.22 to 0.1.
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Fig. 3. Sum power consumption of LEDs versus the data rate constraint.
Figure 3 shows how the sum power consumption changes as the data rate constraint of the
receivers varies when 4 and 6 LEDs are placed. The illumination uniformity constraint and the
illumination level constraint are set to 0.16 and 0.4, respectively. From Fig. 3, the sum power
increases with the data rate constraints. It can also be observed that the proposed algorithm
LXYU is efficient. For instance, when there are 4 LEDs and the data rate constraint is 1.05,
LXYU can reduce 22.86% power consumption compared to LCA. However, LXYU consumes
more power than LXYO, since it takes the illumination uniformity constraint into consideration.
In addition, when the data rate constraint is less than 1.5 bit/transmission, the sum power of
LCA is a constant. The reason is that in this circumstance, the power required for illumination
is more than that required for communication, and thus the power is determined by illumination
level constraint.
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Illumination level constraint 
15
20
25
30
35
40
45
50
55
60
R
eq
ui
re
d 
po
w
er
 [W
]
LCA,K=4
LXYO,K=4
LXYU,K=4
LCA,K=6
LXYO,K=6
LXYU,K=6
Fig. 4. Sum power consumption of LEDs versus the illumination level constraint.
Figure 4 shows the sum power consumption as a function of the illumination level constraints
of the receivers. Two cases with 4 and 6 LEDs are considered. The data rate constraint is set to
0.8 and the illumination uniformity constraint is set to 0.16. From Fig. 4, we can observe that
LXYU can achieve less power consumption, and compared to LCA, the reduced power of LXYU
increases as illumination level constraint increases. When there are 6 LEDs and the illumination
level constraint is 0.45, LXYU can reduce 47.48% power consumption compared to LCA. It
can also be observed that the power consumptions of LXYO and LXYU are the same when the
illumination level constraint is more than 0.45. This is because in the considered configuration,
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Fig. 5. The illumination uniformity versus the illumination level constraint.
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Fig. 6. Sum power consumption of LEDs versus the illumination uniformity constraint.
the illumination uniformity increases with the illumination level constraint, as will be verified
in Fig. 5. Therefore, when the illumination level constraint is high enough, LXYO can naturally
satisfy the illumination uniformity constraint even though it is not considered in LXYO. In this
way, LXYU and LXYO have the same power consumption when the illumination level is higher
than 0.45.
Figure 5 shows the illumination uniformity of LCA and LXYO with the increase of illumi-
nation level constraints. The data rate constraint is set to 0.8 and the illumination uniformity
constraint is set to 0.16. The illumination uniformity constraint is quantified by CV(RMSE). In
particular, the higher the illumination uniformity constraint is, the worse the illumination uni-
formity performance is. Fig. 5 further confirms that the illumination uniformity of LXYO gets
better as the illumination level constraint increases. That indicates that when the illumination
level constraint reaches a certain value, the CV(RMSE) of LXYO is already less than the set
illumination uniformity constraint. That is why the power consumptions of LXYO and LXYU
are the same when the illumination level constraint is more than 0.45 in Fig. 4.
In Fig. 6, we analyze the required sum power for different illumination uniformity constraints.
The data rate constraint and the illumination level constraint are set as 0.8 and 0.4, respectively.
From Fig. 6, it can be observed that when compared with LCA, LXYO can reduce the power
consumption by 43.32% when placing 4 LEDs, and 44.92% when placing 6 LEDs. We can
also observe that the sum power of LXYU decreases as the constraint of illumination uniformity
increases. When the illumination uniformity thresholdUth is large enough, LXYU has the same
power consumption with LXYO. This is because in such cases LXYO can naturally satisfy the
illumination uniformity constraint even without considering it. In this way, LXYO and LXYU
have the same performance.
5. Conclusion
In this paper, we have studied the problem of optimal LED placement that takes both the
illumination and communication interactions of LEDs into consideration. We have formulated
the problem as a power minimization problem under both communication and illumination
level constraints. Since the formulated problem is non-convex and the optimization variables
are interdependent, we have transformed the illumination uniformity constraint into a series of
linear constraints, and then proposed an iterative algorithm to solve the problem. The proposed
iterative algorithm transformed the original problem into a series of convex sub-problem which
were efficiently solved by Lagrange dual method. Numerical results show that the proposed
approach can yield more than 22.86% improvements in power efficiency.
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